Abstract-This paper investigates the prediction capabilities of a Ray-Tracing tool with advanced features, i.e., diffuse scattering and penetration, in terms of the angular spreads and spectra of the directional propagation channel. In particular, it highlights the angular behavior of dense multipaths, which may represent a nonnegligible part of the received power, by comparing Ray-Tracing simulations with experimental data (office and laboratory environments). Results show that a Ray-Tracing approach including diffuse scattering is able to reproduce the dense multipath angular spreads, with errors around 4 to 20 degrees, and that scattering from ceiling is significant to predict the elevation spread. The assumption that diffuse scattering is clustered and strongly related to the most significant specular components is also successfully validated.
ones) and diffuse (spread out wider than coherent rays both in time and space). On the one hand, diffuse scattering is modeled in ray-tracing (RT) tools by physics-based heuristic methods. The authors in [4] developed a semi-deterministic model of the signal scattered in all the directions as a result of interactions with surface irregularities or with objects (e.g., balconies in outdoor and small furniture in indoor scenarios) that are not modeled in the input database. Using this model, [5] analyzed the impact of adding diffuse scattering contributions in ray-based models onto the prediction of global angular spreads in urban environments, but without characterizing the diffuse scattering angular properties. On the other hand, from the experimental parameter extraction viewpoint, DMC is the part of the channel that cannot be characterized by coherent components [6] , as it is obtained by subtracting the coherent part of the channel from the total measured power. Hence, this definition is not physically based, but purely empirical, and was applied in [2] , [6] to extract the angular properties of DMC. Considering that, as stated before, they both model the non-coherent components of the received signal, it is therefore relevant to check whether the same angular characteristics are obtained. To this end, a better analysis of the angular properties of DMCs from a RT viewpoint is required. Note that the use of ray-tracing for angular spread predictions in indoor scenarios was indeed dealt with in [7] , [8] but focusing on specular paths only.
In view of the above analysis, the contributions of this paper are as follows.
• We experimentally assess the prediction capabilities, in terms of angular spreads, of a Ray-Tracing (RT) tool [9] with diffuse scattering and penetration as advanced features [10] , focusing in particular on the angular behavior of diffuse scattering.
• We verify the consistency of two approaches modeling the dense or diffuse multipaths.
• We investigate two widely used assumptions in geometrybased models, i.e., the cluster behavior of the scattering component, as predicted by RT, and its tight correlation with specular clusters. The paper is organized as follows. The measurement campaign and the high resolution parameter extraction are described in Section II. In Section III, the RT setup parameters and its main features are indicated. Simulation results and a thorough comparison with measurements are presented in Section IV, using angular spreads as a metric, while the cluster behavior of diffuse scattering is investigated in Section V. Conclusions are finally drawn in Section VI. 
II. MEASUREMENTS AND PARAMETER EXTRACTION

A. Measurement Setup
A measurement campaign was conducted in an indoor environment to compare the measured and simulated specular and diffuse component. Two types of indoor environments were considered: an office environment and a lab environment, as depicted respectively in Figs. 1 and 2. The office scenario was the following: the base station (BS) was placed in the corridor and the mobile terminal (MT) was placed inside an office (between 11 and 24 m ). The offices were standard offices, equipped with tables, chairs and closets. For the lab scenario, the BS was placed in the corridor and the MT was placed inside a large room (between 25 and 75 m ). The labs were wide open rooms, equipped with rows of tables and chairs, and some closets against the walls. Note that in the measurements, the receiver was the BS and the transmitter was the MT.
The MIMO channel measurements were carried out with the ULB/UCL Elektrobit MIMO channel sounder. The receiver was composed of an 8-element dual-polarized uniform linear array, that was placed at the BS side. The antennas in the array were dual polarized patches. The MT was composed of a tri-polarized antenna system, which was moved with an automatic positioning device to create a virtual 5 5 5 uniform cubic array. The tri-polarized antenna system is composed of three perpendicular linear antennas [11] . The advantage of such an antenna system is that it is isotropic (i.e., there are no holes in the radiation pattern of the antenna system). The measurements were recorded by night with no people in the building, so the environment was kept entirely static between measurements. The transmitter and the receiver were connected to share a common clock, in order to avoid sounder phase drift between different elements of the virtual array. The channel sounder was operated at a center frequency of 3.6 GHz and with a bandwidth of 200 MHz. Transmit power was 23 dBm with a code length of 1023 chips, and 8 samples per chip. 
B. Specular and Dense Multipath Parameter Extraction
The specular multipath components (MPCs) were extracted from the data by means of the well-known SAGE high-resolution algorithm [12] . To determine the correct number of MPCs, a large number is first used to keep all significant multipath, but only MPCs with a SNR higher than 6 dB are kept for further analysis [12] . Note that since a linear array was used at the AP, only the azimuth angle was estimated at this side.
The DMC impulse response in delay and angular domains was obtained by subtracting the contribution of the specular MPCs from the measured impulse response. The spectrum of the DMC in the joint transmit/receive angular and delay domains was then extracted using Bartlett's beamforming [13] , [14] .
III. RAY-TRACING SETUP
The RT tool used in this work is a 3-dimensional (3-D) model, relying upon a full description of the scenarios to be simulated, i.e., walls, ceiling, floor and major furniture (tables, desks and cupboards). Dielectric properties of the materials are also part of the input database. Table I presents the values used in the present paper.
Concerning the specular (or coherent) components, line of sight (LOS), reflection (with a maximum of three interactions in the chain) and single diffraction are considered. The diffuse scattering model proposed in [17] is used to simulate the noncoherent part of the channel, with a directive scattering pattern model given by (1) where is the angle between the specular reflection direction and the scattering direction, represents the directivity of the scattering lobe (the higher , the narrower the lobe), and the maximum amplitude is directly proportional to a scattering coefficient denoted as .
Single bounce scattering and scattering in combination with a single reflection are included in all simulations. Penetration, as presented in [10] , is also included for both specular and diffuse components. Note that diffuse scattering rays are assumed to be incoherent. This means that a random phase, uniformly distributed, is associated with each diffuse ray. Hence, for each channel simulation, the result is averaged over five realizations to overcome the randomness. A small number of realizations is used because, in the worst case, a standard deviation of approximately 0.5 around the mean angular spread is found. We may, then, conclude that the random phase does not significantly influence the spreads.
Finally, given the fact that the high resolution parameter extraction results are antenna de-embedded, no antenna is modeled in the RT tool, so that the comparison between simulations and experimental values is relevant.
IV. COMPARISON OF ANGULAR SPREADS
The comparison between RT simulations and results obtained from measurements are presented in this section, using the angular spreads as validation metrics. The angular spread is defined as (2) where is the power associated with the th ray and is given by:
where denotes the argument, is the specific angle (azimuth or elevation) on which the spread is calculated which is associated with the th ray. Naturally, the angular spreads can be calculated for the specular components by considering the specular MPCs, for the DMC by considering the discrete bins of the direction-delay diffuse spectrum [14] , and for the global channel by considering the specular MPCs and the diffuse bins simultaneously [14] .
In this section, errors are presented in terms of Root Mean Square Error (RMSE) and Mean Relative Error (MRE), the latter defined as (4) where is the number of measurement locations, is the angle (azimuth or elevation) under investigation and the subscripts and stand for measured and simulated, respectively.
It must be noted that, at the receiver side, the use of a linear array of four dual-polarized antennas results in a limited accuracy on the angle spreads extracted from measurements. In particular, no result can be extracted regarding the elevation of arrival (EoA), and the estimation for the azimuth of arrival (AoA) is limited to the main beam width, i.e., between 20 and 160 . When extracting the spatial characteristics of the DMC, the limited number of antennas limits the beamformer's angular resolution. An angular resolution of 5 could be obtained for the DMC. The specular components were extracted with a high-resolution algorithm, which is less sensitive to the number of antennas. The precision of the SAGE algorithm was in this case set to 1 . These resolutions have also been adopted for the RT simulations. As stated before, a 3-D RT tool provides by default full angular information. However, given the above considerations, no comparison with measurements can be carried out for EoA, whereas the RT prediction for AoA had to be modified excluding the rays arriving from directions outside the main beam to have a fair comparison.
In [10] , a scattering coefficient and a directivity were chosen as reference scattering parameters. A preliminary analysis of the results showed that this values yielded a systematic underestimation of the one extracted from measurements. For this reason, a sensitivity test on these two parameters has been carried out to understand the behavior of angular spreads with their variation. For simplicity reasons, the test has been done in one of the two scenarios, the laboratory, on azimuth spreads. At first the scattering coefficient has been fixed to . Fig. 3 shows the variation of the MREs with . As could have been expected, decreasing , i.e., increasing the width of the scattering lobe, increases the angular spreads and thus reduces the underestimation. Once is set, Fig. 4 shows the variation of the MRE with . The explanation of the decrease of the error with is less intuitive. Moreover, considering that the variation of the scattering coefficient affects in a significant way other channel characteristics, e.g., pathloss or cross-polarization discrimination, it has been decided to keep the original value of . Following these considerations, the simulated results presented in this section are made with scattering parameters and .
A. Office Scenario
Figs. 5-7 illustrate the comparison respectively for AoA spread, Azimuth of Departure (AoD) spread and Elevation of Departure (EoD) spread in the office scenario. Azimuth results show a fairly good agreement while the EoD spread in Fig. 7 is clearly underestimated by ray-tracing. The reason for this is that diffuse scattering contributions from ceiling are excluded because of the associated computational cost. When they are added, the computation time for the full simulation (coherent and diffuse components) increases by more than 50%. On the other hand, the EoD spread prediction improves significantly as shown in the same plot and in particular the MRE decreases from 31% to 5%. Diffuse scattering by the ceiling also affects the EoA spread. The mean EoD increases from 14 to 17 , though in this case there is no comparison with measurements.
The effect of scattering from ceiling on azimuth spread predictions is less significant and not always beneficial. This might be explained by the fact that, to simulate diffuse scattering by the ceiling, this is divided into surface elements that are distributed in all its extension that covers the whole simulated environment. In reality there might be some preferential directions in azimuth from where the scattering arrives, i.e., from walls, big piece of furniture etc. situated on the floor above and whose positions are unknown in the modelization of the environment for RT. In particular, AoA spread MRE decreases from 18% to 17% when scattering from ceiling is included while AoD spread MRE increases from 14% to 16%. Table II summarizes the prediction error in this scenario. A higher relative error for AoA is expected, considering the limitation of the measurement setting at receiver side. 
B. Laboratory Scenario
In analogy with what has been presented for the office scenario, Figs. 8-10 compare the experimental and simulated AoA, AoD and EoD spreads in the laboratory environment. Again, the improvement obtained when considering diffuse scattering by the ceiling is evident for EoD spread, where the MRE decreases from 20% to 12%. The mean EoD increases from 14 to 20 , though also in this case no comparison with measurements can be done. In this scenario scattering from ceiling does not have any effect on AoD spread MRE and improves the AoA spread MRE by less than 2%. The average prediction errors in this scenario are presented in Table III .
C. Specular Component and Global Comparison
To check the consistency between the different definitions of diffuse scattering, a similar comparison needs to be carried out for the specular contributions. Figs. 11-13 present the angular spreads for the office scenario. The mean relative error is approximately 20%. The results match reasonably well, partly validating the consistency between both definitions.
In the same way, Figs. 14-16 show the AoA, AoD and EoD spreads in the laboratory scenario. Here, the prediction is clearly less accurate than in the previous scenario (for AoA, the mean average error reaches approximately 50%), probably because some objects (e.g., the sounder itself) are not modeled in the input database. Global spreads, pertaining to the channel including both specular and diffuse components, have been also evaluated. Tables IV and V summarizes the mean relative errors in office and laboratory scenario respectively. It can be concluded that If that was the case, one could have concluded that there was a mismatch of what is considered specular and diffuse in the two models, e.g., simulated specular components not found by SAGE and considered DMC. The absence of this phenomenon and the consistency of the errors are an argument in favor of the consistency between the two approaches. Table VI provides a summary of global RMSEs and standard deviations in both environments. Possible reasons for the discrepancies between measurement-extracted and RT-based values can be classified into two categories:
• experimental values are extracted from data by means of a high resolution algorithm: this process involves antenna de-embedding and parameter estimation, both of which being the source of errors and possible artifacts; • the RT approach can be sensitive to the accuracy of the geometrical input database, in particular for indoor settings. These two facts could possibly explain for outliers in the above graphs, resulting in increasing errors. While these error metrics could be considered as high with respect to other results in literature, e.g., in [7] , it must be added that often they describe the accuracy in terms of mean error (simply subtracting both curves) and not of mean absolute error or RMSE. This has to be considered when comparing different results: the simple mean error naturally leads to lower values, but without consequently implying higher accuracy, as highlighted by the very high standard deviations.
Table VII presents a comparison of RMS Errors with respect to values extracted from measurements for simulated global spreads when diffuse scattering is included or not in the simulations. It is evident that including this feature is significantly beneficial to improve the prediction error. This is not true for laboratory AoA, but this must be put in perspective with the high mis-match between measured and simulated spread for the coherent component (see Fig. 14) and the limited accuracy due to the antenna employed at Tx side.
V. IS DIFFUSE SCATTERING CLUSTERED ?
A cluster is usually defined as a group of propagation paths with similar propagation parameters, in terms of angles and delay taken jointly [18] . Geometry-based Stochastic Channel Models (GSCMs) exploit this concept by parameterizing the propagation paths by clusters. Originally, most GSCMs did not include DMC (see the COST 273 model [19] ), and it was considered that DMC would have a white angular spectrum [20] . Recently, it has been shown, e.g., in [21] , that (i) DMC can be described with a clustered behavior, analogous to the specular components in GSCMs and that (ii) there is a tight correlation between DMC and specular clusters [2] . As consequence, in the novel COST 2100 model [22] , clusters now include both specular and DMC contributions as co-located.
In a further consistency check between GSCMs and RT, the direction-delay coexistence of specular and diffuse components is investigated, the ultimate goal being to verify the capability of the tool to predict the channel angular behavior at a finer level than the spreads. The results are presented using azimuth-delay spectrum plots of the diffuse scattering component together with a discrete representation of the most powerful specular rays (excluding LOS), for one position in the office and laboratory xscenarios.
Figs. 19 and 20 present AoA/AoD-delay spectra for position 8 in the laboratory scenario. In a similar way, Fig. 17(a) and 18(a) show the AoA/AoD-delay spectra respectively, for measurement location 7 in the office scenario. In addition to this, Figs. 17(b) and 18(b) present the spectra in the same office position, extracted from measurements.
Analyzing the plots it is possible to conclude that the coexistence in the delay-direction domain of the main specular rays and the most significant diffuse contributions is predicted also by the simulations. This seems to confirm the consistency of the apparently different definitions of diffuse scattering (ray-based semi-deterministic versus empirical DMC, defined as what is left out by high resolution algorithms and used in GSCM models). Also the comparison with the measured spectra seems to bring to a decent accuracy, concerning the diffuse component. This is promising as one important problem faced by GSCMs is the need for parameterization in many environments: the consistency of between RT and GSCM-based DMC indicates that RT could be used in scenarios where no data is available.
VI. CONCLUSION
This paper presented a study on the angular properties of diffuse scattering through RT simulations. An indoor measurement campaign, carried out in office and laboratory environments, has been used as a test scenario to assess the prediction capabilities of the simulations. Experimental angular properties have been evaluated using the SAGE algorithm for MPC and beamforming for DMC, whereas a semi-deterministic model has been used within the RT tool to simulate diffuse scattering. Angular spreads have been used as a metric to compare simulation results with values extracted from measurements. From the comparison between processed measurements and simulations, the following conclusions can be drawn:
• diffuse scattering simulations reproduce with reasonably good accuracy DMC azimuth spreads; • scattering from ceiling is decisive to obtain a good accuracy on elevation spreads; • the mean relative error on DMC angular spreads is approximately 20%; • including diffuse scattering in RT simulations significantly reduces the RMS prediction error. Additionally, the cluster behavior of diffuse scattering and its relationship with specular clusters have been investigated. The results show a direction-delay coexistence of specular and diffuse scattering main contributions in RT simulations, similarly to recent studies on channel modeling. This confirms the capabilities of an advanced RT tool in reproducing channel characteristics, also in terms of angular properties. 
